INTRODUCTION
Scanning acoustic microscopy (SAM) is a high-resolution nondestructive method useful for nearsurface material elastic property quantification as well as crack size determination for surface and subsurface cracks. Scanning acoustic microscopy was developed by Quate et a1. [1, 2] and has been extensively studied by a number of researchers [3] [4] [5] [6] [7] [8] [9] [10] [11] . The most important contrast phenomenon in SAM is the presence of Rayleigh waves, which are leaking toward the transducer and are very sensitive to local mechanical properties of the material being evaluated [12] . The generation and propagation of the leaky Rayleigh waves are modulated by the material properties, thereby making it feasible to image even very subtle changes in the elastic properties.
A SAM transducer is schematically shown in Figure 1 . The transducer has a piezoelectric active element situated behind a delay line made of fused silica. The thickness of the active element is chosen to excite ultrasonic signals with a desired nominal frequency when an electrical spike voltage is delivered to the piezoelectric element. In this study, a transducer with a nominal frequency of 50 MHz was selected, although the methodology presented in this paper can be applied to acoustic microscopy lenses of any frequency. The silica delay has a highly focused spherical acoustical concave lens ( Fig. 1) which is ground to an optical finish. The numerical aperture (NA -ratio of the diameter of the lens to the focal distance) was 1.25 for the transducer used in this study. A numerical aperture of more than 1 (or F number -focal distance/diameter -of the lens less than 1) is essential for the SAM technique to effectively generate and receive surface waves in the sample being imaged. The 50 MHz ultrasonic transducer used in this work had a theoretical focal spot size of approximately 30 microns when focused on the surface of the sample.
The principle of operation of a SAM transducer is based on the production and propagation of surface acoustic waves as a direct result of the high curvature of the transducer's focusing lens and the defocus of the transducer into the sample [13] . The defocus distance also has another important effect on the SAW signal obtained by the SAM transducer. The degree of defocus dictates whether the SAW signal is well separated from the specular reflection or interferes with it. Thus, depending on the defocus, the SAM technique can be used either to map the interference phenomenon in a near-surface layer of the material or to map the surface and subsurface features (reflectors) in the sample.
The mechanism of contrast in the images obtained using a SAM is based on the attenuation and reflection of SAW. In addition, the sensitivity of surface acoustic waves to surface and subsurface features depends on the degree of defocus and has been well documented in the literature as V(z) curves [12, 13] .
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Figue I The principle of operation of an acoustic microscope A V(z) curve is obtained when the transducer, kept over a single point, is moved towards the specimen. Then, the signal rather than simply decreasing monotonically, it can undergo a series of oscillations. The series of oscillations at negative defocus can be associated with Rayleigh wave excitation and interaction of a SAW with the specular reflection received directly by the transducer. The Rayleigh wave velocity, v R ' can then be calculated using the following relationship, 1 v, =v++-2;~dzlT (I) where, v o ' is the speed of sound in the coupling medium (water), f, is the ultrasonic frequency, and Ill, is the periodicity of the V(z) curve. The vertical dashed lines indicate the time-gated portion of the A-scan which corresponds to specular reflection. The waveform was acquired at 800j.Ll1l defocus and the Rayleigh wave was separated from the gated specular reflection.
The conventional way for measuring SAW velocity is based on a V(z) curve acquisition and analysis procedure developed by Kushibiki and Chubachi [14] . A tone-burst system is used to interrogate the specimen at a specific frequency using specially designed acoustic lenses. In this configuration, the Rayleigh wave and the specular reflection interfere completely, as shown in Figure 2 .
The V(z) curve for a specimen under examination is acquired by plotting the amplitude of the tone-burst signal at different defocus depths. Provided a lead response, VL, has been previously obtained for that lens, and the response of the electronic circuit has been calibrated, data for the specimen can now be analyzed. First, V L is subtracted from V(z). Then, the resulting data are zero-padded (extending the record length by adding dummy points of value zero at each end to give adequate resolution in the spatial frequency domain). Finally, an FFT is performed and the periodicity, flz, of the V(z) curve is determined. The Rayleigh velocity is then calculated using equation (1).
QUANTITATIVE SHORT-PULSE ACOUSTIC MICROSCPPY
The new quantitative acoustic microscopy method presented in this paper is based on automated surface acoustic wave velocity determination via V(z) curve measurements using short-pulse ultrasound. The new method does not require a tone-burst ultrasonic system while it overcomes the limitations of the conventional approach that requires a reference VL(z) curve and calibration of the electronic circuit of the system. Because the new method is self-calibrated, it can be used for obtaining Rayleigh velocity maps of a specimen through automated V(z) curve acquisition and analysis.
The automated V(z) curve process for SAW velocity measurements can be divided in three basic steps, which are described in detail in the following sections. These steps are: (a) Ultrasonic data are collected using a pulsed acoustic system. The basic data consist of a series of Ascans corresponding to different values of defocus. The waveforms are stored as two different B-scans, one containing the entire signal, the second containing a time-gated portion of the signal which corresponds to specular reflection. (b) The magnitude of the time-gated signal in the Fourier domain is plotted for a selected ultrasonic frequency as a function of defocus distance. This provides a self-calibrated reference VR(z) curve. (c) The magnitude of the entire A-scan in the Fourier domain is plotted for a specific frequency as a function of defocus distance. The calculated V(z) curve and the reference VR(z) curve are then processed to compute the Rayleigh velocity of the material at the point where the data were collected.
DAT A COLLECTION
A conventional pulsed ultrasonic system with a highly focused 50 MHz transducer was used to collect waveforms at different defocus depths. A pair of B-scans from the material under examination was collected. Each B-scan consists of a series of A-scans. The first A-scan in each B-scan is collected with the ultrasonic transducer focused on the surface of the material. The signal is saturated at the front surface, so that the Rayleigh wave is more prominent later in the A-scan. In order to reduce the effects of electrical noise and material induced noise in the signal, about twenty to twenty-five A-scans were collected at this particular setting and averaged together to form the resulting A-scan. The entire A-scan is stored, as eight bit data, in the first B-scan, and the time-gated signal of a portion of the A-scan consisting of the specular reflection, is stored in the second B-scan. The waveforms were digitized at 1 nslpt using a transducer with a nominal frequency of 50 MHz, but an actual peak frequency of about 30 MHz. The full waveforms were 2048 points long. The time-gated portion of the waveform was 104 points.
After the time-gate is setup, the transducer is defocused into the material at a given distance and the A-scan averaging and storage process is repeated for each increment. A total of one thousand A-scans were collected (I mm total defocus depth for a step size of 1 ~) . For small values of defocus, the specular reflection and Rayleigh wave signals overlap one another. As the defocus distance is increased, the Rayleigh wave is separating in time from the specular reflection (Fig. 3) .
REFERENCE VR(z) CURVE
A reference curve must be subtracted from the V(z) curve to enable automated calculation of the V(z) curve periodicity. The objective is to remove the effect of the specular reflection and make it possible to use Fourier principle to compute the periodicity. The method used in the conventional technique requires to obtain a VL(z) curve from a material such as lead, that does not exhibit surface acoustic waves. However, this approach also requires using the same transducer and experimental conditions on both the reference material and the material of interest, as well as calibration of the electronic circuit of the system. A manual fit was also used to remove the exponential down-trend in the V(z) data. This alternative procedure is simple but it has a serious limitation since it is difficult to automate the process.
The new method presented here uses the specular reflection signal to construct a reference VR(z) curve. A software gate is placed to monitor the specular reflection at the same time that a V(z) scan is performed. The magnitude of the geometrical reflection is computed for a selected frequency and then subtracted from a V(z) curve calculated for the same frequency. This method is self-calibrated because the reference curve naturally contains the effect of specular reflection.
As mentioned in the previous section, the first few A-scans collected, which correspond to small defocus distances, have the specular reflection and the Rayleigh wave overlapped in time. In order to obtain a V(z) curve of just the specular reflection, those early A-Scans must be ignored. The user can decide how many A-scans must be ignored by either examining the initial B-scan and determining the defocus distance for which the specular reflection and the Rayleigh wave separate in time (Figure 4 ), or by looking at an initial V(z) curve and then selecting the appropriate cutoff. The cutoff is based upon where the oscillations (due to the Rayleigh wave) die down into the plain exponential curve, which is due to the attenuation of the specularly reflected signal ( Figure 5 ). v R(Z) curve of the specular reflection signal from the fused silica sample.
Note that the first A-scan used in the analysis was collected from a depth of 300 f..IJlI.
The procedure described above. for removing the unnecessary points. can also be applied in the case of a too wide time-gate containing the specularly reflected signal. The points that are cutoff are then replaced with dummy points. The A-scan at the deepest defocus distance is zero-padded at the back-surface end. so that its length is the same as an entire A-scan. A Fast Fourier Transform (FFT) is calculated from the padded A-scan. and the frequency of the peak magnitude is identified. The magnitude at a selected (or peak) frequency plotted as function of defocus distance forms the V R(Z) curve for the specular reflection signal. The VR(z) curve is then smoothed with a fifty-one in length boxcar average. in order to remove noise and the water-ripple from the signal (Figure 6 ). The result is finally saved for use in the next processing step.
MATERIAL V(z) CURVE OBTAINED FROM THE SPECIMEN UNDER EXAMINATION
The material V(z) curve is formed in almost the same way as the reference curve. The only difference is that the A-scans are not padded. The selected frequency for calculating the magnitude of the signal in the frequency domain is the same as the one used for constructing the VR(z) curve. The material V(z) curve is also smoothed with a boxcar average of width fifty-one ( Figure 7 ). It can be observed that unlike the reference curve. VR(z). the material V(z) curve exhibits peaks and valleys as the defocus distance changes. These peaks and valleys are due to the constructive and destructive interference in the frequency domain. between the specularly reflected and Rayleigh waves. After subtracting the specular reflection -VR(z) curve -from the V(z) curve the curve oscillates about a horizontal line instead of an exponential.
The resulted V(z) curve at this step is a signal which oscillates about an exponential. therefore. in its present form. it is difficult to determine its periodicity using an FFT. This problem is alleviated by subtracting the reference V R(Z) curve from the V(z) curve. The V(z) curve then oscillates about a horizontal line (Figure 8 ). Next. the first and last twenty-five points of the resulted V(z) curve are removed. because they are not smoothed. and the result is padded with the average value of the signal to a length of 8192 points. placing half of the padding before the signal and half of it after. Note that zero-padding does not work in this case. The FFT of the average-padded V(z) curve is finally calculated and its periodicity is determined. At this point. any V(z) curve frequencies at or before 2.0E-3 cyclesl)J.Ill are ignored (L\z = 500 )J.Ill and above). as there are not any potential peaks in this area that are related to Rayleigh waves. Any peaks in this area will correspond to FFT noise. The Rayleigh wave velocity is then calculated by using equation (1) . The Rayleigh velocity for the fused silica was calculated: 3.44E+3 mls.
The above described technique for measuring the Rayleigh wave velocity in a material requires human intervention only in the setup phase. when the user decides how many initial A-scans to ignore and when any unnecessary points from the specular reflection A-scans must be removed. As the SAW velocity is determined in a completely automated way. a raster scan over a sample is possible for collecting a pair of B-scans at each point (entire and time-gated waveforms). Then all of the B-Scan pairs are processed using user-defined values determined after examining one B-scan at the setup phase. The result is a Rayleigh velocity map over an area on the sample.
CONCLUSIONS
A new quantitative acoustic microscopy technique was developed. The new technique has several advantages over the conventional method. The data can be collected using a pulsed ultrasonic system. The new method does not require the use of a reference material or calibration of the system' s electronics to compute the SAW velocity. Measurement of Rayleigh wave velocity is performed in an automated way with user intervention only during the setup phase. Therefore. the new technique enables one to obtain maps of the Rayleigh velocity over an -area of the specimen under examination.
